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Abstract 
By 2030 the overall volume of used fuel will reach about 400 000 tHM worldwide.  
 
Recycling is the preferred solution for all the countries engaged in the development of nuclear energy, like China, 
India, Russia, Japan, France especially; The overall stockpile generated by these countries until 2030 represents more 
than 50 % of the worldwide stockpile. 
The paper will present different strategies for recycling, optimizing the MOX fuel use in reactors by combination of 
different parameters: 
            -reactor characteristics favouring the performance : GEN2 type reactors which  can accept a ratio of  MOX in 
a UO2core, or GEN3+ EPR reactor which, for the first time for PWR reactors, offers the full MOX core opportunity, 
          -the plutonium management taking into account and combining all the characteristics of the  used UO2 fuels 
either from existing stockpiles or generated each year by  operating reactors, 
        -the possibility to recycle in  LWR  reactors,  used MOX fuels by dilution with UO2 used fuels before GEN4 
fast neutron  reactors  with high level of safety and economic attractiveness  are developed. 
 
Existing stockpiles of used fuels are a real asset. All the technological means and know how needed to capitalize on it 
are offered by AREVA. MOX in LWR is complementary to MOX in FNR. 
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1. Recycling Plutonium stockpiles 
1.1 Disposition of Weapon grade plutonium  
 
On September 2000, The United Sates and the Russian Federation signed an agreement to dispose of 
34 tHM of weapon grade Pu  on each side. 
After extensive studies on the different ways for Pu disposition the US administration confirmed the 
preferred solution of MOX fuel to recycle the weapon grade Pu. 
 
The Mox Fuel Fabrication Facility (MFFF) is under construction at the Savannah River Site in South 
Carolina with a design based on AREVA reference facilities La Hague and Melox. 
2300 people are currently working on construction phase with excellent safety records: 10 millions 
hours without a lost time accident. 
 
Figure 1 – The U.S. project: MFFF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2 Plutonium stockpile in the UK 
On December 2011, UK government issued a position on the disposition of the civil plutonium 
stockpile of about 100 tHM: the preferred solution is the MOX solution for the best use of the Pu 
stockpile and the creation of an intrinsically secure waste form after energy production in the reactor. 
 
A new Mox manufacturing plant and reactors capable of MOX management are needed in the UK. 
Melox MOX manufacturing plant in France is the reference for high throughput and safe MOX 
manufacturing.   
 
The EPR™ can operate with partial or full MOX core.  
 
In the particular case of full MOX EPR™, critical success factors are offered: 
     -the consumption of Pu is higher than 2tHM/year  
     -the performance of MOX is increased (MOX can be equivalent to UO2 enriched at 4.95%) 
 Marc Arslan et al. /  Energy Procedia  39 ( 2013 )  59 – 68 61
     -the MOX manufacturing is significantly simplified with only one Pu content in the MOX assembly 
instead of three Pu content in case of mixed cores. 
     -the homogeneous and stable core (Xe effect strongly reduced) offers increased margins for normal 
operation and improved behavior during accidental conditions. 
 
2. Recycling used fuels inventories  
By 2030 the overall volume of used fuel will reach about 400 000 tHM worldwide. Recycling is the 
preferred solution for all the countries engaged in the development of nuclear energy, like China, 
India, Russia, Japan and France especially; The overall stockpile generated by these countries until 
2030 represents more than 50 % of the worldwide stockpile.  
We will present hereafter different strategies for the best use of used UOx fuels recycled into MOX in 
LWR, in the long term, before GEN4 type fast reactors are deployed. 
These strategies will take into account the important parameters for existing stockpiles of used fuels  
and future used fuels which will be generated each year : burn-up, initial U5 enrichment of the fuel, 
cooling time. 
 
 
2.1 Used fuel  segmentation  
 
Figure 2 – Used fuel segmentation Typical burnup distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2 gives the distribution of the burn-up in existing stockpiles of used fuel for two countries (A and  
B countries) as an illustration: the medium values are very close, about 40GWd/t and the distributions 
very similar.  
 
This is explained by Fig 3 which presents the evolution of burn-up in different countries and evolution 
of U5 enrichment: the trends are very similar since the start up of nuclear energy production.  
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Figure 3 – Enrichment and burnup increases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is worth to point out that the present values reached for burn-up and U5 enrichment are now at 
maximum levels. 
 
Used fuel characteristics in traditional nuclear countries are thus largely dispersed, due to progressive 
increase of burn up since the start up of the reactors, and due to burn up dispersion in a given fuel 
management .It is thus necessary to proceed to a segmentation into two categories of used fuel in order to 
define the suited management. 
 
    For this example we consider the following segmentation criteria: 
 
    Reach MOX parity of performance with UO2 enriched at 4.2%U5 in an EPR ™ operated with 
30%MOX in the core. 
The constraint is to limit the maximum Pu content in the MOX below 10.8%.  
 
This criteria leads to define two categories of used fuels: 
 
       -‘’blue’’ fuels which lead directly to a MOX with Pu content limited to 10.8% 
       -‘’red’’ fuels which need a dilution with ‘’blue fuels to produce a MOX with limited Pu content  
 
Fig 4 shows the result of the segmentation for country A. (very similar for country B -Fig 5). 
Segmentation with initial enrichment and burn up gives a better view than segmentation with cooling time 
and burn up. 
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Figure 4 – Used fuel segmentation for 30% MOX in EPR – Country A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Used fuel segmentation for 30% MOX in EPR – Country B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The blue fuels are numerous even for present high burn up and high initial enrichment  
Fig 4 shows it will always be possible to recycle the used fuels using a simple sequence  
 
2.2 Recycling strategy in EPR™ 30%MOX equivalent 4.2%U5 
 
The best strategy is to recycle first the ‘’red ‘’fuels to avoid the negative ageing effect of Pu241 decay 
The Pu content in the MOX can be limited to a desired value by dilution with a limited volume of ‘’blue’ 
fuels. 
 
In that case in the long term, the MOX Pu content is progressively decreasing due to increasing ratio of 
‘’blue’’ fuels. 
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Figure 6 – Monorecycling strategies EPR 30 % MOX equiv. 4.2% U5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the ‘’blue’’fuel the burn up is lower (even for the present generation of used fuels) which reduces the 
Pu238 content ; in addition the old stocks with high cooling time are no longer subject to ageing effect 
and can be used whenever useful for the recycling strategy. 
To conclude, a simple strategy to recycle the used fuels is always possible and meets the performance 
objective of parity between MOX and UO2. 
 
2.3 Additional benefit with the full MOX core management  
 
In a full MOX core in PWR, the MOX FA becomes homogeneous: instead of 3 Pu contents in the MOX 
FA in a mixed UO2/MOX core, all the rods of all the fresh MOX FA have the same Pu content. 
This offers a new additional margin for a same maximum Pu content criterion. 
 
Fig 7 shows the evolution of the segmentation of used fuels in the case of 100%MOX EPR™. 
The reduction of the ratio of ‘’red’ fuel is very significant.   
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Figure 7 – Recycling strategy – Recycling in 100% MOX EPR™ reactor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In a full MOX core a high flexibility of recycling strategy is offered:’’red first ‘’or ‘’ blue first’’ strategies 
are convenient .In addition a significant additional margin is offered on the max Pu content (fig 8) which 
will enable also more penalizing strategies like recycling of used MOX for example. 
 
Figure 8 – Recycling in a full MOX EPR™ reactor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4 Multi recycling  
 
2.4.1 Return of experience on used MOX recycling  
 
The present strategy for EDF in France is to keep the used MOX in pools waiting for a future use in fast 
neutrons GEN4 type reactors; In FNR , all the isotopes of the Pu are fissile which is not the case for LWR  
 
Yet, recycling of used MOX by dilution with used UO2 is possible in LWR and the whole industrial 
demonstration has been done successfully. 
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Fig 9 shows that important R&D work has been performed with the CEA in the years 90 and 00 followed 
by industrial runs in La Hague reprocessing plant. 
 
 
Figure 9 – Used MOX Recycling MOX Recycling campaigns 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An overall quantity of 70 tHM of used MOX FA has been reprocessed by dilution of used UO2 FA, 
covering all the characteristics of used MOX fuels, including high burn up. A throughput of 2tHM/day 
has been demonstrated. 
 
The Pu generated in La Hague was used to manufacture new MOX fuel irradiated in reactors 
satisfactorily. 
 
The recycling of used MOX fuel is already an industrial reality in Europe. 
 
2.4.2 Multi-recycling capability in LWR 
 
For multi recycling, the segmentation of used UOx fuels needed for dilution with used MOX fuels is 
based on 4 groups instead of 2, as shown in Fig 10 as an example. 
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Figure 10 – MOX Multirecycling in LWR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A special study performed by the CEA on the basis of French 900MWe reactors with 30%MOX in the 
core, is presented in Fig 11. and shows that 3 successive recycling  cycles  can be performed. Note that 
each recycling cycle lasts at least 15 years (cooling, reprocessing, MOX manufacturing, irradiation in the 
reactor). 
 
Figure 11 – MOX Multirecycling in LWR 
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MOX recycling in LWR is now a very efficient solution, with highly improved performances in the case 
of full MOX management in the EPR™. This enables an efficient transition before GEN4 FNR are 
deployed industrially. 
 
3. Conclusion 
Significant amount of used fuels with a large variety of characteristics (different cooling times 
and burn up) open the door to different recycling strategies. 
 
A mono recycling strategy favors a rapid decrease of total used fuel inventory (UOX + MOX).  
A multi recycling strategy allows a low volume of used MOX fuel, and stabilization of total UOX 
+ MOX used fuels. 
 
In any case, these strategies ensure MOX parity with UOX fuel in reactors through the 
optimization of the sequence of fuels to be recycled.  
 
Both of these strategies can be significantly improved by the use of full MOX core in the EPRTM 
reactor. 
 
